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Abstract

NASA sott-landed two Viking spacecraft on Mars in the summer ¢! 1976. These were
the free world’s first landings on another planet. This report provides a final,
comprehensive description of the navigation of the Viking spacecratt throughout their
flight from Earth launck to Mars landing. The tlight path design, actual intlight control,
and postflight reconstruction are discussed in detail. The report 1s compnsed of an
introductory chapter tollowed by five chapters which essentially correspond to the
organization of the Viking nawigation operations, namely, Trajectory Description,
Interplanetary Orbit Determination, Satellite Orbit Determunation, aneuver Analysis,
and Lander Flight Path Analysis. To the extent appropriate, each chapter describes the
preflight analyses upon which the operational strategies and performance predictions
were based. The inflight results are then discussed and compared with the preflight
predictions and, finally, the results of any postflight analyses are presented.
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Introduction

W. J. O’Neil and R. P. Rudd

The free world’s first landing on another plaret was
accomplished by the Viking 1 Lander when it flawlessly
soft-landed on the Martian plain Chryse Planitia at 04:53 PDT,
July 20, 1976. Less than two months later, the Viking2
Lander performed an equally magnificent landing on the
Martian plain Utopia Planitia at 15:37 PDT, September 3. It is
particularly significant that the very first attempt at such an
extraordinary feat was completely successful. Viking 1 landed
within 30 km of its target more ihan 300 million km from
Earth. Viking 2 landed within 10 km of its target. Both landers
have transmitted a tremendous amount of high-quality sci-
entific data to Earth via relay links with their parent vehicles,
Viking Orbiter 1 and Orbiter 2. Both Viking spacecraft con.
sisted of a Lander attached to an Orbiter. The Orbiter was
desigred to carry the Lander into Mars orbit, observe
candidate landing sites with television and infrared (IR)
instruments, deliver the Lander to the required position and
velocity to begin its descent, and to subsequently relay data
frrm the Lander to Earth during descent and throughout the
Lander’s 90-day surface mission. By “station-keeping” the
Orbiter in a near Mars-synchronous orbit (24.6-h perioé), the
Orbiter flew over the lander once each Martian day maintain.
ing a 30-60 minute communication link during which it
received and recorded Lander data at 16 kbps. Between the
daily links the data was played back to Earth at 8 kbps. In
addition to relaying the Lander data, both Orbiters also

transmitted tens of thousands of television pictures and IR
observations of Mars obtained by the Orbiters’ own science
instruments, Comprehensive discussions of the science data
obtained by the Landers and the Orbiters are presented in
Ref. 1.

This publication presents a final, comprehensive report on
the design, control, and reconstruction of the flight paths of
all four Viking vehicles. The initial work on the flight path
including the specification of requirements on the flight
hardware was done by the Viking Navigation Working Group
(NWG) from 1970 to 1973. In 1973 the Viking Flight Path
Analysis Group (FPAG) absorbed the functions and most of
the membership of the NWG. The FPAG continued the flight
path design, developed the navigation strategies, procedures,
and operational software and, ultimately, performed the
inflight navigation. Viking navigation included the precise
determination of the spacecraft trajectories (classically re-
ferred to as orbit determination), prediction of the trajec-
tories, design of the propulsive manecuvers required to effect
the necessary trajectory changes, and calculation of the Lander
descent guidance parameters.

The FPAG was a multi-agency team led by the Jet
Propulsion Laboratory (JPL) with members from JPL, Langley
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Research Center, Martin Manetta Aerospace Co . General
Flectnie Co.,und Analy licdd Medhanio Assoaates, Tnc, Tiguies
la and Ib present the FPAG as 1t existed durning the primary
nussions. Figure la hists the membership of cach team and
gves the aftiliation of each member mn recognition of the
contribution of his orgamzation. One of the most significant
tfactors contributing to the totally cohesive mitlight operation
of the FPAG was that oxcellent workmg relationships were
developed over the many yews the FPAG worked as a teamm
prepaning tor thght. Dunng the fhght all members were
co-ocated and  functioned as a umit without regard to
company affiliation.

Figure 1b identifies the tunctions of each FPAG team. The
Interplanetary  Orbit Determination Team (IPODT) was re-
sponsible for trajectory determination and prediction to the
point of engine igmtion tor Mars Orbit Insertion (MOI). The
Satellite Orbit Determination Team (SATODT) was respon-
stble for these functions after MOL. The SATODT was also
responstble for determining the landed location of each Lander
hased on radio tracking of the Lander. Radiometric tracking
data (two-way doppler and range) provided by the JPL Deep
Space Network (DSN) was the principal data type used in the
orbit determination process. The Tracking Data Conditioning
Team (TDCT) was responsible for editing and calibrating the
data for use in the JPI Orbit Determination Program (ODP).
The ODP was the primary orbit determination tool. All the
FPAG software operaied in the Univac 1108 computers at
JPL. During the Mars approach phases, optical tracking data
were also extensively used in the OD process. The optical data
were obtained by imaging either Mars or its natural satellite
Deimos against the star background with the Orbiter television
system.

Thie Orbiter Maneuver and Trajectory Team (OMATT) was
responsible for developing the maneuver strategics and design-
ing each individual propulsive maneuver required to deliver the
Viking Spaceciaft tu the proper position and velocity for
initiating the Lander descent. The orbit defined by this
position and velocity was known as the “separation orb.t™ —
the key navigation interface between the Orbiter and the
Lander. Specification of the separation crbit was a joint
responsibility of the Lander Flight Path Analysis Team
(LFPAT) and the OMATT. The strategy for achieving the
separation orbit was complicated by the necessity to observe a
variety of candidate landing sites under stringent observation
conditions prior to the Project commitment to land. The
OMATT was also responsible for the postlanding strategies and
individual maneuvers required to station-keep the Orbiter with
respect to the Lander to maintain adequate relay geometry
and, alternatively, to desynchronize the Orbiter, causing it to
“walk” around the planet in order to obtain global science
observations. Unlike its predecessor, Mariner 9, the Viking

Project routmely utilized attitude maneuvers of the spacecraft
to owveicome the physical linutations of the Orbiter sean
plattorm m order to pomt the science mstruments m any
direction and/or abign an mstrument raster o a preferred way
around 1ts boresight, The design ot these “non-propuisive”™
maneuvers was 4 joint tesponsibility of the OMATT and the
Orbiter Science Sequence Team (OSST). Fwmally, the OMAIT
dlso gererated all Viking Spacecraft/Orbiter tryjectory data
required by the Project.

The prmeipal mancuver tools of the OMATT were the
Midcourse Maneuver Operations Prograin (MMOP), the Mars
Orbit Insertion Operations Program (MOIOP), and the Mars
O:bit Trim Operations Program (MOTOP). Each program had
a design and analysis capabibty including Monte Carlo simula-
tions with appropnate approximations for predicting trajec-
tory control accuracy and propellant expenditure statistics.
Each program also had a single maneuver, high-precision
targeting capability. The JPL n-body. double-precision trajec-
tory program, DPTRAIJ, was the principal trajectory tool and
was the Project standard for flight path computations except
for the -« nspheric phase of the Lander descent.

The < inder Flight Path Analysis Team (LFPAT) was
responsible for the design and control of the Lander thght
pith from separation to touchdown. This involved the
precision targeting of the Lander's deorbit maneuver, genera-
tion of the attitude to be commanded at key points along the
trajectory, and specification of timed backup commands for

critical events to be sensed onboard. All the Lander Jescent
commands were stored in the Lander’s Guidance, Control and
Sequencing Computer (GCSC) days before separation, S, with
a routine update performed at S-39 hours and, as required,
updates at S-9.5 and S-3.5 hours. Following separation the
descent was completely autonomous - no command could be
received by the Lander until it was on the Mars surface.
Basically, the Lander attitude commands were 3 X 3 trans-
formation atrices relating the desired attitude to the
Lander’s attitude at the instant of separation. Attitude changes
were specified for the deorbit maneuver burn(s), beginning of
descent coast, mid-coast, pre-entry, and entry. Attitude
control was maintained with an RCS hot gas system until
0.05 g was sensed. After 0.05 g, aerodynamic stability main-
tained pitch and yaw control; an RCS was required for roll
control all the way to touchdown. It was crucially important
to maintain the proper angle of attack with the RCS to the
0.05 g point. This was accomplished by initiating a pro-
grammed pitch maneuver in concert with the pre-entry
attitude command.

The LFPAT targeted the deorbit maneuver and generated
the attitude command parameters using the Lander Targeting
Operations Program (LTOP). The Lander Trajectory Simula-
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tion (LATS) program was the P.oject standurd for computy-
tion of the Lander’s desceni through the Mars atmosphere.
LATS was a six-degree-of-ficedom, high-fidelity simulation
including the Lander’s attitude control svstem response
characteristics. The LFPAT used LATS to venfy the descent
guidance parameters generated by LTOP. These parameters
were independently checked to the 0.03 g point by OMATT
using DPTRAJ and auxiliary software. External to FPAG, the
Lander Support Office (LSO) at Martin Marietta Aerospace 1
Denver performed a complete simulation of the descent based
on the GCSC command load using the Viking Control and
Simulation Facility (VCSF). The VCSF contained a hybrid
analog-digital tacility utilizing bit-by-bit simulation.

The LFPAT was also responsible for reconstructing the
Lander trajectory from separation to touchdown using teleme-
tered onboard measurements from the IRU and pressure and
temperature probes in conjunction with bes* estimates of the
separation state vector and the landed location based on radio
tracking data. The PREPR (Preprocessor for Lander Trajectory
and Atmosphere Reconstruction) Program was used to smooth
the telemetered data and compensate the IRU data for cg
offset affects. It was also used to fill data gaps with simulated
data from LATS (subscquent processing required continuous
data). The Lander Trajectory and Atmosphere Reconstructiun
Program (LTARP) was then used to estimate the trajectory
based on the ‘‘sensed™ data file prepared by PREPR and the
estimates of the separation state and landed location provided
by the Satellite Orbit Determination Team.

Finally, the LFPAT was responsible for predicting the
performance of the Lander-to-Orbiter relay links. The Postland
Relay Link Program (RLINK) was the primary tool for this.
RLINK solved the geometrical problem of determining the
path of the Lander-to-Orbiter line-of-sight through the antenna
gain patterns of both vehicles based on the input trajectory of
the Orbiter and the input attitudes of both vehicles. The
resulting predictions of link margin (in dB) vs time were used
to establish when to turn the Lander transmitter and Orbiter
receiver on and off.

The foregoing has merely identified the primary functions
of the FPAG teams. In subsequent chapters of this report,
each team reports in full detail its inflight and postflight
activities, including all pertinent numerical results. (The only
exception is the Orbiter Science Sequence Team; its activities
are reported in Ref.2.) Each chapter is essentially self-
contained and the sequential order of the chapters is arbitrary,
Consequently, the reader may direct his immediate attention
to the chapter(s) of his primary interest.

Figure 2, which was extracted from Ref.3, presenis a
functional description of the total Viking Flight Team (VFT)

organizat.n. The figuie is included here to show the relation-
ships between the FPAG and the other clements of the VFT.
The total membership of the VET exceeded 800 people during
the primary misston.

The FPAG was instrumental in developing an operational
scheduling format that resulted in working schedules providing
considerable detail (event times resolution to 10min) yet
remarkable clarity for tens of days of the mission at a glance.
An example schedule in its actual working form is shown in
Fig. 3. These schedules were unique in providing for imme-
diate reconciliation of trajectory events (e.g.. time of peri-
apsis), command windows, and personnel schedules (particu-
larly metabolic considerations).

The remainder of this introduction is devoted to an
overview of the Viking flight path design followed by synopsis
of the inflight navigation activities on both Viking missions
tfrom launch to landing.

Please note that a comhiete list of acronym definitions is
given in an appendix to this /ntroduction. Most readers will
find it nec ssary to refer to this list for terminology used
throughout the remainder of this report.

I. Flight Path Design

As stated carlier, each Viking spacecraft consisted of a
Lander attached to an Orbiter. The Orbiter was designed to
carry the Lander into Mars orbit and perform a series of orbit
trim maneuvers to deliver the Lander into the separation orbit.
The requirements for site observations pre-landing and daily
post-landing Lander to Orbiter relay radio transnussions dic-
tated the design of a Mars synchronous separation orbit with a
periapsis altitude of 1500 km. The Mars synchronous orbital
period is 24.6 h. The period control accuracy requirement
was 4 min to ensure adequate relay communications geom-
etry for at least five (Mars) days after landing without any
reliance on Lander transmitter or Orbiter receiver timing
adjustment commands from earth. The tolerance on periapsis
altitude was - 50 km, +150 km. The lower limit was based on
relay considerations; the upper limit on constraining landing
dispersions.

The Lander was designed to perform a deorbit maneuver
shortly after separation from the Orbi r while in the
separation orbit to effect its descent and atmospheric entry.
The relationship between the separation orbit and the descent
trajectory is illustrated in Fig. 4. Duning descent the Lander’s
electrical power was supplied by batteries which were charged
by the Orbiter prior to separation. Battery capacity con-
strained the maximum allowable descent coast time (from

{Text continues on Page 13)
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SOFTWARE SUPPORT OFFICE
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software failures detected and/or reporte.
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and VMCCC software change reguests

3, Coordinate implementation of approved VO,
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iquality control)
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6. Administer VO budget for VO software change
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-
bslosféz‘uumenls 10 enhanre scrence data refurn 3 Report Surtace Samgler status fo Lander 3 Distribute VL science analys:s program run praducts A5 :‘m'a.n Vl’lvclnmcl uplinks.
1 Knowledge aouired from Viking data Science Teams , fo science teams . “:u,:'v?' smn'u slu'm‘.u;q
b Better than planned systems perlormance 4, Sugport the development of V(L SOE's 1nvolving 4 Coordinate sctivities o* Lander Scrence Team Data ; p v science (nstrument s afety
3 Recommend revisions tn Mission Wrofile and/or VL use df the Surtace Samler Processing personnel with respect to (nitrument 0rne science uplink changes with MPG o8
SOF requirements 1o ennance science date return S Operate ang meintain the STL as required to performance evalugtion . ;“‘
necessitated by lower than pianned systems Gevelop ang verity VL SOE's S Assist i budgeting and control of Lander Science b Provide requ ral software program data base trac
Derformance or (asiures 6 Veriy the satety of commands which include Team computer usage -
4 Deveioy the Broiogy Investigation SOF Surtace Sampler operations
5 Review and concur with ail Mssion Profile andlor 7 Susgort ocopiration of madels of the Martian
VL SOF changes that effect V1. 5 nce . "Wf":" for exch landing m'
5 Dene required VL science insirument settings for the o ':"" Lander Science Teams the data
Nominal mission mdl revise a5 necessary ' m'u"':” contlicts on Surface
T Maintaic /L science insteument performance files
& Define VL science instrument TM channe) slorm ¥ Propare Surface Sampier pertormance
timits foorts
9 Monltor and analyze downlink data to deter mine VU
science Instrument atudl oerfor mance
10, Regort VL science instrument perior mance snalysis

Support the MCO in VO science data record
Dreperation, 0ata processing and comouter dats
analysis

0, Provide interpreted VO science data for use 23

1
1

PUblic 1n*3r mation
Suport L3S she certitication actrvities
Prepare VO schence raports and Propct regorts

. Support LSS sine certificaion activities

results and aperationat status

Oetermine imgacts of VI, parformance and planned Vi
science SOE's on VL sclence instrument periermance

Anaiyze and diagnose VL science instrument anomaties
and recommend afternate procedures

Prepare VL science instrument performance reports

Pertorm spacial Vi science tests  Caisbrations, v stusies.
8 resuired

Establish VL science dale return and precessing
requirements and priof ities

MaIntin and operate the VL science analysis

wiware
Prepace surisce madel e each (anding site
Operate the SPM
Qperate the GRE
Suppert the MCD in Vi data record prepar stien, dets
processing, snd computer Sets anslyuis -
Provide interpreted VL science data for use 8
public information

Prepace Vi science regerts and Project reperts
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MISSION PLANNING CROUP

| Generate Mission Prohiiey
2 Pertorm first-order S/C and ground system

constraint checks

3. Support LSS site cartification activities
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ORBITER PERFORMANCE ANALYS S GROUP

Generate and vaidate daily VO SOt s to impement *he Vession Profile

Genergte commanas for ail VO sequences

Analyze VO downlink diata 10 deter mine system ard sudsysiem pertormance
including VO science instrument performance

Pertorm real time analysiz of VO engineering data during «ritical
MissIon periods

Analyre and dugnose VO anomalres an¢ recommend work -afounds

Oevelop VO propulsive and non propulsive maneuyer SOE s ard protmtires

Evatuste xtual VO maneyver perfor mance

Provide nominai perfor mance himits for each VO enqineering data channel

Provide and update @3 required vO TM Lalidration tadles

Generate VO TM alarm and suppresston fimits

Provide leierommunications &quisition and link perfor mance predictions

Evaluate VO perfor mance trends and predict systen ang subsyuter
performance

Maintain VO system visibitity for perfor mance er hancement

Mantain VO systerr and subsvstem perfor mance files

PEA SCIENCE SEQUENCING TEAM
VL scince uphink changes info the uphink

Tasurance of manmum quantity and quatity
Moe VL science uplinks

7T VL science seuencing

VU science instryment satety

.7 oscience uphink changes with MPG and

| W 1T Softwiire program data Dase teackir 1

PROFILE INTEGRATION TEAM

Supeort 0SC and LSG in the deveiopment of
PCRs
. Maintan the WPS
Develop non-science VO Mission Profiles
Integrate VO science and non-science
Mission Profiles
Develop RS) Mission Profiles
Chack first order VO and ground system
constraints
Deveiop merged 4 vehiclel Mission Protis
Determine OSN station requirements
Oefine propulsive maneuver design

'2 irements

*w mwp =

LANDER PR PMLNT

+ Suppert LSG in development of VL PCR's
2 Deveicy VL Mission Prafiley
3 Cihack first-order VL constraints

e~ e

B e

[

ORBITER SYSTEMS ANALYSIS TEAM

Conduct long-term trand studies on ail enginesring parameters and evaluate
these long-term trends in terms of future VO perfor mance

. Menitor and anaiyze downlink data 1 determine YO scrence instryment

ngineering performance

Assess the impact of any untavorabi» trends on future VO performance aind
Seveiop strategies %0 Counter these adverse trends

Proguce VO maneuver SOE's with 2330C1ated CONtINGENCy urf SNgEments

Agpr dise the tizal performance of VO maneuvers and input any aoverse
Hpacts 10 the OCAST

Provide real-time YO analysts supgort during critical mission periods

Maintain a readiness fo respond to VO enyinsering channel alarm violations

Meintain & readingss posture such Ihat an uplink response Can de intiated
after notetication of 3 major VO anomaty

Provide a priori VO saling commands to OSCOT

, Provide YO TM channel alarm and sugeression limits for long=term

changing dsta

. Perform on a daily Baais, actual uplink and Aownlink VO telecom perfor mance

analyses, and furnish inputs to the OCAST on major discrepancies from
predictions

. Provide actual VO scan platiee m pointing directions for all science seuences

auecuted taking into accoumt S/C itmit cycles and misalignments of
deformities in the scan platiorm

Develop and recommend any special enginest ing tests for dealing with
non-standard of anomataus VO pertor mance

Assist the DSN in resl time and non-real time :n evaluating VO data qualrty

. Pertorm all required anatyses for closing out VO PFR's and VISA'S

o -

-

o

- pm ~

ORBITER COMMAND AND SEQUENC INC TEAM

Generate VO telemetry alar ™ imits tof short term changing data

Transter to 0SCOT darty alarm and suporession timits for il vC
engineering data

Provige the DSN with pregictions of station AGL s ang SR 5 a3 3 'unctior
of time for each OSN station 5 Bass

Praduce daily predwcts of upitnk and Gown(ini VO telecom 1Nk pardieters

Provide technicai support 10 the MPG for efticrent ata marageent it
plannIng VO science sequences

Coordirgte with the LPAG in the es1@lisnment of pradicts for the
parameters of the daily rélay Hink

Produce and vaikiate VO SOE's that implement aporoved Mission Profies

Produce validated VO rommand ioads for executing intendes VO 508 s

Produce valdated VO “tweak’ commands to enadle late updating of
3010C100 parameters 1N IMMINENT Dropuisive Maneuvers

Proguce predictions of VO telemetry responses associated with vO SO€ s

fstablish VO system and suds sstem performance dala processing
requirements and pfior hiey

Meintain 3 1brary of VO system and subsystem performance histor)

ORQITER SCIENCE PROFILE DEVELOPMENT TEAM

1 Sugport 0SG in geveigpment of VO PCR's
2 Develcg VO stience Mission Profiles
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SPACECRAFT PERFORMANCE & FLIGHT PATH ANALYS 5 DIRECTORATE
Provide dsta and recommendations nesded in MBRING Mar MiSSIOr GeCisions
Generate S/C S0C's
Predict anatyze ang evaiute S/C perfor mance incluging VO scince

nstrument perfor mance
Cenerate commands
Provide and update TM Calitr stion tadles and alarm imits
Determine and predict &iusl SIC VO and VL trapiories and Maneuvers

% VO viewming cover me
Provide Macs 2tmosphere and wing mode!s based on oty dta
Estabingh metric tracking ang 5/C perfor mance data Processing requirements

ng priorifies
& Provioe real 1tme evaluation support to MCD uring ¢rHical Mmission oper stans

-~ -

-

-~

10 Support LSS site certitic shion activitiey
11 Detrne V{ test requirements for (SO support

LANDER PERFORMANCE ANALYS 1S CROUP

Gener e and vaikdate darly VI SOf 3 required io implement Mession Profiie

Generste Vi commands

Maintain V1 system and subsyslem perfor mance tiles

Provide and up dafe (as required’ the VI TM calibr stion tabies

Genergie VL TMchanne! alarm fimiy

fstatist Vi system and subsystem perfor mance Gate processing
requirements and priof ey

Anatyze downlink dats 10 deler mine VL systenm and subsyltem actual
gertormance

Anaiyle and d1agnote Vi anomdlies, recommend work-arounds

Predict VI TM 13000183 400 proviie alarm limst changes assacsated with
SOf changes

O Evatuste VL performance frends and predict system and subsyitem

performance
M Provide VL telecommunacations Xausiion ang 1ink parformance predictions

PRV SNV

© o=
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FLIGHT PATH ANALYSIS GROUP

Determine and predict actual S/C trajectorses

Assist the DSN In analyses of tracking data quatity

Generate trajactory data as required

Develop maneuver strategres and cakutate commandadie quantities for
VO and VL maneuvers

fvaluate actusl VO and Vi maneuver performance

Perform Vi trajectory design

Determine VL position on planet surtace

Reconstruct the v entry trajectory and derive an engineering mode!
of the Mars atmosphers and winds dased on entry data

Pertorm VO/VL retay irk geometry and margin caiculations

Design pracision VO science sequences

Determine actual VO science viewing coverage

Support radio entry science requirements

Support 155 site certrfcation xtivities

13 Support LSS vite cortiication K hivitigsy
14 Detine v( test requirements for |50 support

12 Maintan VL system visiility lor perfor marce enhancement

NG TEAM

1 changing data
"ty for 3l VO

L and SNR'S a8 3 tunction

Seiecom [Nk corameters
W 4ata mangmement in

prodicts for the

Powes Mussion Profiles
_intended vO SO€'s
13t updating of
nuvers
M1Aed with VO SOE's
Sata pracessing

~ -

@ @ o~ -

INDER SYSTEMS Y$is TEAM

Maintain VL system and subsystem peviormance files

Provide an¢ update 43 required Vi TM calibration
e

Generate VL TM channel alarm irmety

Estadlish VL system ang subsystem perforaanie duts
DIOCESHING requIrements ang prior s

Anaiyze Gowniink data 10 Setermine VL system and
subsystem actuat performance

Anatyze any G1agnose VL aromales, recommend
wOrk- rounds

Predict VL TM responses and provide alarm limit
changes :5300)aed with SOE changes

Evaluate vi performance teends and predict syshem
20 Subsystem peror mance

Provide VL telecommunic gtions Xquishion and hnk
pertormance sreextions

Mo1ntain VL system ang subsystem visBility for
peefor mance ennancement

Provioe supplemental Vi entry phase supgert ot JPL
8 roquired

L R COMMAND AND SEQUENCING TEAM

t Canerste and vatudate dly VI SOE's required o
implement the Mission Profile
2 Genersie VL commands

R
i

TRACK ING DATA CONDITION ING TEAM

1, Estadirsh metric tracking dats requirements

2 Monitor metric tracking data quantity and quatdy

3 Propare metric tracking cats quantity ang ouaiity report

& E3t mwtrac traciing Gata and prepare clean trking
datafiles

Provide pole motion and ttming dats

Provide ropospheric model Correction parsmeters

Provide sonospheric and interplanetary charged particie
calibration daty

Genarate fraquency independent DSN observable
pradictions lor the DSN and VMCCC

~p

ORBITER MANEUVER & TRAJECTORY TEAM

1, Develop candicate maneuver strategies In support of
mission planning

Andlyze planetaty quaranting requiremants

Destgn VO propulsive maneuvers

Design VO aftitude maneuvers

Determine VO commandable manauver parameters

Perform post-exscution VO maneuver anaiysss

Determine orbit Iifetime

Generate probe sphemer:s

Generate vO trajeciory data tape

Generate VO tra;sciory information

S om-upnmwn

INTERP ARY | VION TEAM

| Establish navigation meteic tracking data requivements

2 Pracess SK ratiometric tracking dats 1o deter mine current
best estimate of the interplanetary trapeciory

3 Establish requirements for monitoring and processing aperoach)
optical metric data

& Process meroach agtical metric data %o provide aptical Smsed
AProach it ppeckory estimate

S Pracess ragiometric tracking dsta and aperoach optical metrs
824 %0 provide improved aperoach trajeciory etimate and o
improve dynamic and dbservationat m 'y

ORRITER SCIENCE SEQUENCE TEAM

Design and deveiop hinal, precision W science scan

SRquences
Prapare YO selence scan soquence forecast
Prepare VO scionce scan seouence data package

SUMMANIZING GBS ervation CONGIONs and preeicted

-

Coverape
Detormmne actual VO science s:an sequence viawing
Coverage

-

—

SATELLITE ORDIT PETERMINATION TEAM

1. Estabiish novigation metric traching dat requirements
2 Prozess SK of VO rasiometric iracking Sata 1o deter mine

Current best estimate of 5 eitie ordit
1 Process 3K or VO radiemetric iracking dats 1o impreve
OFBal phase Bynamic and Bhservationsl medehs

& Pracess Vi ragiometr i traching dats to determine Vi position
5 Gonorse prabe sphemer iten

LANDER FLIGHT ©ATH ANALYSIS TEAM

Doveiop ang evaiuste candidate Smordit maneuver sir stegres

Dosign VL Gescent tramciory including deordit maneuver and
SAIshd trajeciary reisted garameters

Compule futl 312 -00gres -of -reesom dgrtal simy lation of
Profcted VL descont tr apctery

Support ord trim maneuver selection for landing

Support Lnding srie seiaction relative o VL (rajpectory desmn
<ansider shens

& Porform VL trapaciery, simesphare ang wing reconytruction
00 provie resuiting estimale of 1andes position

Pragict reigy 1k performance during sescent sng
st

- e

-~

~

-

Menrier 51 estimates of Lonesd potition and recommend
current best estimate
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ORIGINAL PAGE IB
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4, |dentity V1 anomalies and recommend emer=
gency cemmands necessary to safe the Vi
. Maintain appropriate alarms in the MICF and

Ditect and coardinate the operation of
the computer tacilittes

2. Prepare computer run requirements
p 3 Precure computer input decks, perform r
processing, and provioe outputy
for distribution ANALYS S SUPPORT TEAM
4. Pertorm special processing ang piotting
S, Distribute operational data products 1. Prepare input decks and run requests for science

0N QPERATIONS TEAM,

1, Oirect and control the oper ations of
commifted DSk eiements

2, MaIntain and report current operation at
status of DSN

3, Provide DS contiguration management
and control

4, Provioe reql-time monitoring and analysis
of radlometric Ing telemetry date

5 Proyvide realstims # alysis and verification
of acLurate D9N 1 sr8ling of command
data

& Provide DSN farure detection  recovery,

and reporting
Generate DSN 5CE s
& Allocate and schedile DSN rescurces

hod

-

MCCL MISSION OPLRATIONS “ONTRL _ _ °

1, Coordinse VFY nests tor providing, tending,
and mantaining VMCCC taciiities and
support equipment

2, Evaludle, report,ang log VRCCL status
and performance

3, Provide VMCCC conhiguration management
and contre!

4, Manage and operate intra-vMCCC communi-
cations equipment

S5, Previge YMCCC tariure detection, recovery,
nd reporting

6, Aliocate ang schedute VAV CU resources

SEQUENCE DEELOPNENT CROUP +LIRHT LUNTRUL CHOUP UATA S1 ¢ FURT GRULP
1 Gererate SUL s required iy V(D tor raat bmel ) Proaade reg' T monituring gnd control of § irect the genetgon of ol dete rerords
monudering ang sntro of the S and GRS the N and validate their L atent
> Generate nlegrated sonert, @4 required by JUiret canteur and ot dinate the Lommitted] D Mairtar the vt
canduct bth reas Tie an* planned VA C and DS support 4 Fruvide gLisuntdblity of date
VET actiohiws 1 Provide Jata procesyirg < oapport to gl 4 Monitot and 1og the TM quaiity and guantity

4N 1IN Gracessing systeri status
G ProuIde SORn e 40al v Is AL PR P SEOvItRy

e, g, loginputs, program outputs reai-lime
printer yutputs elc,
& Sort ali science data and date products tor picaup
9

ORBITER SPACECRAIT OPERATIONS TEAM
FLIGHT SEQUENCE TrAm l l
I, Transmit commands to the vU
| Produce master inteqrated /L ground 2 verity proper VO response fo atl - mmands o -
- R Pr;?jc‘e daity FLG SOF's N mevdé reg-time monitering and' evaluation DATA | IBRARY TEAM LATA MONITURING TEAM
P - of VO telemeiry | Maintain acccur abiity for atl data moved { Monitor anc lug ¢if reat-time TM data streams for
:. z;::t: g:::: EC:QIM“C trigger fhes 4 Igentity VO anamaties and recommend throvgh the 5 v status and data quéisty assessment
5 Maintaie SQE display emergenty commands necessary 1o 2 Perform the hibrary tunctions of indexing, filing, ¢ Loncur in V0 Gata stream setection for real-time
sate the VO cataloguing storage and retrieval for seiected dats processing
5. Maintain appropfiate alarms in the MiLH ~is\I0N datd 4nd documerts 3 Monitur and log ali command events, command
arJ MCCH 3 Mantain ibrary for nan-mission techniLal deta d41a transmissions, an¢ command system
QPERATIOND ANALYE 1 TEAM fiies, e g, , Viking test data, Mariner ‘71 status
1 Prepare weekly missinn oprrations ATIONS TEAM data et : (L.oneu Vi1 :na GDS fogs and comprle 3 CMSOE
- avenyiew wroduct tow: LANDER SPAGECRAFLQPLRATIONS TLAM 4 Provige magnetil 1ape contrnt an@ distribution oordinatethe replay of telemetry data
2 Prepare daty Vi1 operationy scheduies I, Transmit commands 1o the Vi S Respond to spet tel user data requests
3 \gentain ypdated mission profile 2. Verily groger Vi response to 3l commands 6. Provide hardcopy and other raproduction
timelines 3, Provide real-time monitoring and evalugtion services for iibrary purposes —-—-—-ﬂ
- of Vi telemetry 7 log and mcrotiim ¢l permanent reference oroducty

data distridution ists
MCCF W;r:\(;l&;:r;d‘::d approven data distridbutiol £DR's, and SEOR 3
10, Collect, assembie, and mail/ship il mission dta 2. vahate all archival or deitver able 0ata reco ds
Dackages 3 Specity content of 1ndividu i Cata packages and
DATA PROCESSING TEAM montor their status, delivery, and Xceptance
] i tatus and event dIspiays . .
I Maintain DSG status & v By 4 Process scientists requests for mission data

ATA f,

Request the production of TM 1SOR s, MOR's,

pachage quaitty upgrades

analysi and data records programs nd (heck
oulputs Tor corpietenesy

Lontrot ane fequest program runs tof b ey
and deta management

Provide coordinaticn in the production of video data
products among MIVS IPF and the OPT

4, Provide overlay production support

~

“DASHED” BOXES DENOTE 4P
INSTITUTIONAL FUNCTION

Fig. 2. Viking Might team functional organization
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separation to entry) to § h. To provide adequate margin with
respect to aerodynamic structural and thermal loads and
Shipout in the presence of trajectory dispersions and any one
of the five “‘equally hkely™ Martian design atmospheres, the
targetable entry corridor was constrained to be the flight path
angle range from - 16.2 to - 17.4 deg at 800,000 ft altitude at a
speed less than 4.625 k/s. The Lander Capsule RCS mounted
on the aeroshell, which was used for attitude con:rol during
descent, was also used to impart the deorbit velocity incre-
ment. Approximately 85% of the RCS fuel was allocated for
deorbit yielding a maximum velocity increment capability of
i56 m/s. Finally, to assure adequate relay communication
rrom the Lander to the Orviter throughout descent and for
11 minutes after landing, the Lander was to be 20 deg ahead
(i.e., downrange) of the Orbiter at the moment of entry.

The constraints on the foregoing parameters - coast time,
entry flight path angle, deorbit velocity increment, and lead
angle - determined the accessi*'e landing area with respect to
the separation orbit s illustrated in Fig. 5. PER is the down-
range surface angle from the separation orbit periapsis: XR is
the arc distance away from the separation orbit plane. One
degree of Mars surface angle is equivalent to about 60 km.
Observe that the maximum achievable crossrange was con-
strained by the S-h coust limit and the maximum available
deorbit velocity of 156 m/s. The downrange limit was deter.
mined by the shallow entry and the 156-m/s limits; uprange by
the steep entry and the S-h coast limits. Actually the cross
range capability was somewhat arbitrarily reduced to £3 deg to
avoid the rapid growth in landing dispersions which would
result beyond 3 deg. Also, as the coast time increases, the
required deorbit velocity inczement decreases. In order to
minimize entry mass the maximum deorbit velocity increment
of 156 m/s was to be expended. Therefore, for long coasts it
would have been necessary to use a “two-burn’ deorbit
maneuver totalling 156 m/s but designed so that the second
bum would partly cancel the effect of the first yielding the
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required net increment of less than 156 m/s. Siice it was
undesirable to use long coast times and two-burn deorbit
mancuvers, the extreme uprange apability was to be avoided
as mdicated in Fig. 5. The abo. margin considerations dic-
tated a “preferred” targeting region wherein the Lander could
be targeted to land up to three degrees away irom the orbit
plane and 2.5 deg downrange or uprange »f the midpoint. The
targeting controls were the direction, magnitude, and location
(in the separation orbit) of the deorbit .naneuve . Since the
accessthle landing area was “fixed” to the separation orbit as
illustrated in Fig. 6, the separaiion orbit had to be controlled
to “capture” the landing site within tie access:dle area so that
the Lander could reach the site within the capabilities and
constraints described above.

The elevation of the Sun at the landing site a* the time of
landing was a crucial parameter in the orbit design. The best
observations of the landing area would be obtained when the
Orbiter/Lander spacecraf was flying over the accessible area.
Following landing, the relay links would alsc occui in this
overflight region, and real-time television from the Lander was
to be obtained during the links. Consequently, TV imaging of
the landing area both from orbit and on the surface neces-
sitated a sun elevation angle (SEA) at landing that would yield
good shadowing. As shown in Fig. 7, the landing SEA and the
landing site latitude uniquely determined the landing point in
inertial space.

The ballistic approzch to sny planet is along a2 hyperboia
whose focus is at the planet’s center and whose inbound
asymptote approximates the straight line motion relative to
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the planet as the spacecraft enters the planet’s sphere of
influence. The “S-vactor” which is parallel to the asymptote
and passes through the planet center is fundamental in the
orbit design. It corresponds to what would be a vertical impact
trajectory as shown in Fig. 8. The Earth-to-Mars interplanetary
trajectory, which is uniquely determined by the launch and
arrival dates, establishes the S-vector. The plane of any
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possible approach trajectory contains the S-vector; therefore,
the plane can be changed only by rotation about the S-vector.
A coplanar orbit insertion maneuver is the most efficient
transfer from the hyperbolic “flyby” trajectory to Mars orbit.
Accordingly, the orientation (6 around §) of the approach
trajectory plane was controlled with midcourse maneuvers to
contain the inertial landing point in the plane as illustrated in
Fig. 8. Thus, the vertical impact point, the inertial landing
point, and the planet center uniquely specify the orbit plane.
The orientation y of the orbit within its plane was controlled
to center the accessible area over the landing point (Figs.8 and
9). The approach trajectory was targeted to minimize the orbit
insertion velocity increment required to transfer to the orbit
prescribed above. As illustrated in Fig. 9 this was essentially a
tangential transfer. The insertion velocity increment for
Viking 1 would nominally be about 1250 m/s — 85% of the
total Orbiter capability. Viking2 would require about
1160 m/s for insertion into a 28.7-h orbit initially,

An aiming plane passing through the planet center and
perpendicular to the S-vector known as the “B-plane” is used
to avoid nonlinearities in targeting. The approach trajectory is
controlled by controlling the point at which its asymptote
pierces the B-plane. This is the point at which the spacecraft
would fly through the B-plane if the planet has no mass (i.e., if
there were no gravitational bending). The vector in the B-plane
from the planet center to the asymptote is known as the
*“B-vector”; it corresponds to the scmi-minor axis of the
hyperbola. Knowledge and control of both the B-vector and
the time of arrival are the essence of interplanetary navigation.
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The Viking 1 B-plane is presented in Fig. 10. In this view
the planet appears as it would to an observer on the spacecraft
during the approach. The T-axis in the B-plane lies in the
ecliptic and is used as the reference direction for measuring 6.
(R completes the right-handed R-S-T frame.) The edge of the
trajectory plane coincides with the B-veclor; thus, the aim
angle @ completely orients the trajectory plane. The Viking |
B.vector was to be controlled to within S deg and 700 km of
the target, resulting in the approach control accuracy re-
quirement zone shown. This control requirement would ensure
that even in the presence of 0.99 orbit insertion errors, the
orbit could be adjusted with small orbit trim maneuvers within
the site acquisition propellant budget to achieve the required
separation orbit, i.e., to correct periapsis altitude to within the
allowed tolerance and to capture the landing site within the
Lander accessible area. The orbit insertion errors would be due
to errors in the knowledge of the approach trajectory (i.e.,
*“orbit determination™ errors) at the time the insertion

i-?, IO3 km

—

FINAL MARS
APPROACH CONTROL
ACCURACY REQMT
A0< 50, AB< 700 km

LANDING PT
(BACKSIDE)

10}
54, 10° km

Fig. 10. Viking 1 B-piane delivery requirements

commands were calculated on the ground and the execution
errors of the spacecraft in performing the maneuver. In
concert with the control requirement, the B-vector knowledge
requirement was set at 3 deg and 500 km. The Viking 2
requirements were 7 deg and 500 km and S deg and 350 km
for control and knowledge, respectively. The requirements
differed because the geometry of the two missions differed
significantly.

In the foregoing discussion *the landing point was treated as
a point in inertial space specified by site latitude and sun
elevation. The timing of the spacecraft in orbit had to be
precisely controlled so thar t.e intended landing site on the
Mars surface would, in fact, be under the Lander at the
monent of touchdown. The parameter “timing offset” was
introduced to achieve this control. Consider the meridian tixed
to the center of the Lander accessible area as illustrated in
Fig. 11. Timing offset was defined to be the time required for
the spacecraft to reach this “inertial” meridian after the
landing site has crossed it.

The Viking 1 in-orbit maneuver strategy for acquiring the
landing site is depicted in Fig. 12. To obtain adequate site
certification observations of the intended landing area the
timing offset had to be less than one hour. To capture the site
within the Lander accessible area the offset of the Orbiter at
the landing periapsis was to be 8 *8 min. Recall that the
Lander leads the Orbiter during descent; therefore, the
nominal Orbiter timing offset had to be positive at landing. To
expedite site certification and land 15 revolutions after
insertion, the strategy was to:

(1) Control the arrival time at Mars such that the timing
offset immediately after insertion (ie., periapsis-0)
would not exceed 15 min.

SPACECRAFT AT
INERTIAL LANDING
MERIDIAN

LANDING
SITE

AT ~ TIMING OFFSET

. w360 deg
MARS “24.8 h

Fig. 11. Timing offset
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(2) Insert into a very nearly Mars synchronous orbit such
that the 8-min offset would result at periapsis-15.

To aid the understanding of Fig. 12, consider a I-hour
subsynchronous postinsertion orbit (i.e., 23.6-h period). The
spacecraft will complete iis first revolution in 1 hour less than
a Mars day; thus the landing site will be 1 hour west (timing
offset = -1.0 h) of the meridian when the spacecraft is at the
meridian. The converse holds for the supersynchronous case,
and the problem is completely linear. The knowledge re-
quirement for generation of the orbit insertion commands
discussed earlier and the spacecraft execution accuracy en-
sured that the 0.99 error in the postinsertion period would not
exceed 3 h. A “phasing” maneuver was scheduled at Periapsis-
2 to change the orbit period such that the timing offset would
be 7ero at Periapsis-5. A “synchronizing” maneuver would be
performed at Periapsis-5 to drive the offset to +8 min at
Periapsis-15. Owing to their smaller size and the vast im-
provement in orbit determination “knowledge” once in orbit,
these trim maneuvers would be at least a hundred times more
accurate in period control than the insertion maneuver (i.e.,
1 min vs 3h). An orientation' correction maneuver was
scheduled near Periapsis-7 to move the accessible area in the
improbable event it was not accurately positioned with the
approach and insertion maneuvers. A fourth maneuver was
scheduled to correct the periapsis altitude and perform any
appropriate vernier timing adjustment in the revolution pre-
ceding Periapsis-11. Final orbit determination and Lander
targeting and commanding would then be performed between
Periapsis-11 and Periapsis-14 as indicated in Fig. 12. This
maneuver strategy guaranteed acquiring the landing site within
the 150 m/s velocity budget allocated for navigation disper-
sions; 25 m/s was suballocated for midcourse maneuvers,
125 m/s for insertion maneuver adjustments and the site
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acquisition orbit trims. The foregoing presented the “pre-
launch™ site acquisition strategy for Viking 1. The Viking 2
strategy, which was significantly different, is described in the
Maneuver Analysis chapter.

The salient features of the flight path design and control
strategy as it existed at launch have beer: presented. The actual
inflight performance will now be discussed.

Il. Viking 1 Inflight Synopsis

Viking 1 was launched by a Titan IIIE/Centaur launch
vehicle on August 20, 1975, on the 10-month journey to Mars
depicted in Fig. 13. The launch aimpoint was intentionally
biased about 0.3 million km from Mars as shown in Fig. 14.
The arrival time was biased about one day late. These biases
satisfied the following constraints: (1) the probability of
impacting Mars with unsterilized hardware was to be less than
10-6; (2) the first maneuver was to exceed 2 m/s to ensure
propulsion stability; and (3) the maneuver attitude was to
allow communication over the spacecraft low-gain antenna.

The crosses (+) in Fig. 14 show the variety of orbit
determination solutions obtained during the first few hours
after launch. By 12 h after launch sufficient tracking data
(doppler and range) were available to determine the solution
very well. All subsequent solutions were nicely clustered
within the area indicated; thus, the Centaur injection error was
about 20. The first midcourse maneuver scheduled for launch
plus seven days was targeted directly to the center of the
approach control zone discussed earlier (and to the final
desired arrival time). This zone lies within the dot on Fig. 14.
An enlarged view of the zone is shown in Fig. 15, where the 3¢
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orbit determination and execution errors for the 4.7 m/s
midcourse are displayed. The major orbit determination error
source was the uncertainty in the solar pressure force that
would act on the spacecraft throughout its journey to Mars.
This uncertainty could be reduced only after several months of
tracking, at which point the solar pressure coefficients could
be accurately estimated in the orbit determination process.
Note that the orbit determination and maneuver execution
errors were comparable and their combined total was small
enough to avoid planetary quarantine biasing and was well
within the earth departure control requirement. The departure
control requirement was set at 6000 km to ensure that the
approach midcourse maneuvers would be sufficiently small
that their errors would be inconsequential compared to the
approach orbit determination errors. After about a week of
post-midcourse tracking, it was clear that the actual execution
error was indeed small and no further maneuvers would be
required until Mars approach.

Durning the nine-month interplanetary *‘cruise,” the naviga-
tion emphasis was on refining the trajectory and observational
models. These refinements were very important to providing
the capability to do *“radio-only” redetermination of the
trajectory between the two scheduled approach midcourse
maneuvers. This effort resulted in significant adjustments of
the solar pressure coefficients and the Australian tracking
station locations. The effort also produced a “‘best” long.
(tracking) arc estimate of the trajectory utilizing all available
tracking data. This long-arc estimate provided the baseline for
encounter operations.

The encounter operations schedule provided for approach
maneuvers at both 30 and 10 days before arrival. A series of
observations of Mars and stars by the Orbiter television
camerzs was scheduled prior to each maneuver opportunity.
These observations were used to aid in the orbii determina-
tion process but were not to be relied upon to meet navigation
requirements. The first optical series confirmed the long-arc
radio solution, and it was then clear that a single approach
midcourse at 10 days before arrival would easily correct the
existing delivery error. The final delivery error would be
essentially the orbit determination error at the time the
midcourse was calculated. Therefore, the 10-day midcourse
was preferred since the second optical series could be analyzed
prior to its design.

The short-arc (~3 weeks) radio and optical orbit determi-
nation solutions '« not agree as well as expected with the
long-arc radio-only solution. There was more confidence in the
short-arc radio plus optical. Furthermore, it was fully demon-
strated that if this solution was used in targeting the approach
midcourse while the long-arc radio was actually the right
solution, the consequences would be minimal. In this event,
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the periapsis altitude would be about 150 km lower, but this
error would be easily correctable with the inorbit maneuver
strategy described earlier. Accordingly, the short-arc radio plus
optical solution was adopted without reservation. Fig. 16
presents this final premaneuver solution and its uncertainty.
Observe that the 3¢ uncertainty would be well within the
approach control zone following the maneuver since the
execution error would be negligible. Note also that the
interplanetary delivery error (i.e., the error prior to the
approach midcourse) was about 1800 km, corresponding to
about 1.5g with respect to the delivery accuracy predicted for
the departure control. Most of this error was due to solar
pressure prediction error as expected.

When the propulsion system was repressurized two days
before the midcourse, the pressure regulator in the propellant
feed system leaked such that the pressure buildup by the time
of orbit insertion would be much too high for safe engine
operation. It was possible to avoid this buildup by again
sealing off the pressurant supply with a pyro valve as it had
been sealed throughout interplanetary cruise. However, if this
were done, the mission would be lost if the last pyro “open™
valve did not open when commanded just before insertion.
Consequently, it was decided to leave the system open and
reduce the pressure with large approach midcourse maneuvers.
Accordingly, two maneuvers of 50 and 60 m/s were executed
at 9 and 4 days before arrival, respectively. The approach
midcourse that had been designed to correct the navigation
error was only 3.7 m/s.

In order to minimize propellant cost, these two maneuvers
were designed as retro maneuvers to reduce the approach
speed and thereby reduce the insertion velocity requirement.
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The insertion requirement would be reduced about ! m/s for
every 2m/s of retro during approach. However, these retro
maneuvers would also delay the Mars arrival by about 6.5 h so
that at least the first part of the site acquisition/certification
strategy discussed earlier (Fig. 12) was now invalid because the
initial timing offset would be +6.5h. To get back to the
original timeline as quickly as possible without any further
propellant penalties, it was decided to insert into a 42.5-h
orbit so that the spacecraft would nominally overfly the
landing site at the end of the first revolution — the 6.5-h
arrival delay plus the 42.5-h period would be equivalent to two
revolutions in the synchronous orbit. The first orbit trim
would be performed during this overflight to synchronize the
orbit (i.e., reduce the period to 24.6 h). The periapsis at the
end of the first revolution was called Periapsis-2 to maintain
the original relationship between periapsis numbering and
rission events (e.g., trim-1 was still scheduled at “Per-
apsis-2”).

An important factor in the decision to do the large
maneuvers instead of closing the propulsion system was the
excellent actual performance of the optical orbit determina-
tion process. Radio data alone could not adequately redeter-
mine the approach trajectory in the few days between these
maneuvers, but the optical data could. If the optical process
had not been working so well, it is unlikely that these large
maneuvers would have been attempted. Figure 17 illustrates
the maneuver performance. The predicted delivery error ellipse
for each was dominated by the spacecraft execution error owing
to both the large size of the maneuvers and to the excellent
orbit determination performance. The aimpoint was moved
progressively away from the planet due to the increased
bending of the trajectory that would occur at the lower
approach speeds and also due to the larger initial orbit. Note
that both maneuvers were executed very well. The final
delivery error was less than 30 km in the B-plane and less ihan
10s in arrival time. A third ser'es of Mars/stars observations
between the maneuvers was inceed instrumental in achieving
this accuracy.

A series of observations of the Mars' satellite Deimos
against the star background was used as planned to precisely
determine the final approach trajectory for calculation of the
orbit insertion maneuver commands. The last observation was
made 37h before arrival and incorporated in the orbit
determination as quickly as possible. The updated estimate
was then used to calculate updated insertion commands, which
were transmitted to the spacecraft at 16 h before arrival. The
updated estimate was in error by less than 10 km based on
postflight analysis.

The insertion maneuver was extremely accurate. The lander
assessible area was positioned within 0.1 deg of the ideal

/ .
/'B"’T\,km

6500 7 7000 7500
AMC-1
-/—{ATCA:Odh:Oéml

\ ~AMC-2 DELIVERY'

\ 2254 .
MISS « 30 km N
AMC-2 y

6500

AN

s

i, AlM

(22541 e

DELIVERY ‘
ool 2 AMC-2
\ 30 ERROR
AN 30 OD UNCERTAINTY

amc-2 | "/ AT MOI TARGETING

/;

(ATCA = +02:06™ )
AN rd
AMC ~ APPROACH MIDCO JRSE MANEUVER

Fig. 17. Viking 1 Mars approach control

inertial location. The oibit period error was only 8 min;
therefore, it was possible to attempt achieving the sep ation
orbit directly with the single triin at Periapsis-2. The altitude
was already well within tolerance at 1513 km. The initial orbit
is contrasted with the separation orbit in Fig. 18.

The principal difficulty in directly achieving the separation
orbit with the first trim was accurately predicting tne timing
offset at Periapsis-15. Because of uncertainties in the Mars
gravitational harmonics the actual orbital period in each future
revolution was rather unpredictable. However, the Mariner 9
derived gravity field proved to be very accurate, and after
several revolutions of tracking, it was clear that the first trim
had, in fact, perfectly acquired the primary landing site as
illustrated in Fig. 19. It is seen that the primary site Al at
34.0°W 19.5°N had been captured virtually in the center of
the accessible area for a July 4 landing. Only 10 m/s of the
150 m/s navigation velocity budget was expended (to correct
navigation errors) in acquiring the Al site!

Several days before the last prelanding scheduled trim oppor-
tunity near Periapsis-11. the Al site was abandoned because
features observed in the site area implied hazardous terrain. A
new site AIR about 100 km southeast of Al was then
considered. A trim was designed for the opportunity near
Periapsis-11 to cause the AIR to “drift™ to the center of the
entry corridor for the July 4 landing. Lander descent trajec-
tories were targeted to AIR for separation orbits with and
without the trim. Before a decision was reached whether or
not to trim before descending to AIR, it was decided that
AIlR was too hazardous and that a safer area protably existed
to the northwest. Accordingly, a maneuver strategy was
developed to start a westward migration with a period trim at
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Periapsis-16 followed by an orbit orientation trim near
Periapsis-19 to move the accessible area as far north as prudent
based on obszrvations yet to be made. When it became clear
prior to Periapsis-16 that the accessible area should be movea
one degree north, the strategy was modified to combine the
orientation adjustment and the start of the migration into the
trim near Periapsis-19. The actual landing site was selected
during the migration; its coordinates 47.5°W 22.4°N war-
ranted resynchronizing the orbit at Peiiapsis-24. Thus the site
was captured in the accessible area for 2 July 20 landing as
shown in Fig. 19,

The orbit determination performance was exceptionally
good throughout the entire site acquisition phase. For ex-
ample, the time of Periapsis-19 was predicted within one
second eight revolutions earlier. All three of the prelanding
trims were executed so accurately that their errors were truly
inconsequential.

The final Lander targeting resulted in a nominal entry flight
path angle of - 16.9° (only 0.1° from ideal), a 3.1-h coast time,
and utilized a 156-m/s single-burn deorbit maneuver. The
navigation parameters transmitted to the Lander computer
39 h before separation included attitude command matrices
for deorbit, descent coast, preentry, and entry. The parachute
deployment altitude, terminal descent ignition altitude, and
the altitude-vs-velocity descent guidance profiles were set at
the standard values. Following separation the Lander executed
a flawless, autonomous descent as illustrated in Fig. 20.
Fig. 21 presents the Viking 1 landing accuracy, Observe that
the Viking! landed within 30km of its target, which
corresponds to a lo landing error. The Viking 2 landing
accuracy of 10 km is also shown.
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Fig. 19. Viking 1 actual site acquisitions

Ill. Viking 2 Inflight Synopsis

Viking 2 was launched by a Titan [IIE/Centaur launch
vehicle on September 9, 1975, and targeted for a Mars arrival
date of August 8, 1976. The 1l-month journey to Mars is
illustrate | in Fig. 22. As with Viking 1, the launch aimpoint
was bias:d to satisfy planetary quarantine requirements, to
assure the first midcourse maneuver would exceed 2 mps, and
to guarantee two-way communications during the first mid-
course maneuver burn, Figure 23 shows this intentional bias-
ing, the 99% launch vehicle dispersion ellipse and the early
orbit determination history.,

The crosses (+) in Fig. 23 indicate the orbit determination
solutions obtained during the first few hours after launch. By
10 hours after launch, the orbit solutions had stabilized and
further premidcourse solutions were clustered within the area
indicated. The Viking 2 Centaur injection performance was
approximately 2¢.

The first midcourse maneuver for Viking 2 was scheduled
for 10 days after launch. A velocity change of approximately
8 mps was necessary to achieve the required final Mars
encounter conditions. However, for reasons to be described,
this first midcourse maneuver was targeted to a different set of
Mars encounter conditions. This resulted in the necessity to
execute a near Mars midcourse maneuver to achieve the
required final Mars encounter conditions. Figure 24 illustrates
these two sets of encounter conditions. The “target for MOI”
point is the required final Mars encounter condition to
establish the proper Mars orbit for landing site reconnaissance
and landing. The “M/C1 target” is the aimpoint for the first
midcourse maneuver.

Initial maneuver analysis indicated that the first midcourse
maneuver could be targeted directly to the required final Mars
encounter conditions while still satisfying the required plane-
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tary quarantine probability of impact constraints. However,
because of the size and orientation of the midcourse maneuver
dispersion ellipse, this could result in the spacecraft being on a
Mars impact trajectory following the execution of the ma-
neuver. Should this be the case (approximately 20% proba-
bility, Fig. 25), a decision would have to be made to either (1)
execute a second near-Earth midcourse maneuver to correct
the execution errors of the first maneuver or (2) leave the
spacecraft on the impact trajectory until Mars arrival, correct-
ing the error with a near-Mars midcourse maneuver. Since it
was almost a certainty that at least one Mars approach
midcourse maneuver would be required in any event, and the
AV penalty for biasing the near-Earth midcourse maneuver to
avoid impact was relatively small (less than 5 mps), it was
decided to bias the targeted Mars aimpoint. This biased
aimpoint is indicated in Fig. 26 along with the midcourse

maneuver dispersion ellipse and its orbit determination and
execution error components. The biased aimpoint was selected
to (1) assure that the probability of being on an impact
trajectory following the first midcourse maneuver execution
was less than 1%, (2) maximize the ability to achieve a Mars
orbit if the spacecraft could perform only the insertion
maneuver but no more midcourse maneuvers, (3) assure that
the Mars approach midcourse maneuver spacecraft attitude
would provide communication in the burn attitude. and (4)
minimize the additional A} expenditure resulting from the
bias. The resulting AV for this near-Earth midcourse maneuver
was 8.1 mps.

As with Viking 1, the major orhit determination error at
the time of the maneuver was the uncertainty in the solar
pressure force. After about a week of postmidcourse tracking
it was clear that the actual maneuver execution error was
indeed small and no further maneuvers would be required until
Mars approach.

The navigation activities during the interplanetary cruise
phase for Viking 2 were similar to those for Viking 1.
Short-arc solutions were generated on a weekly basis including
the previous three weeks’ doppler and ranging data. These
weekly trajectory estimates were used to prepare tracking
predicts for the DSN stations providing mission support. Every
three to four weeks a long-arc solution was generated including
all of the doppler and range data after the near-Earth
midcourse maneuver, Comparisons of these short- and long-arc
solutions and the consistency of the solutions as the data arc
increases provided the means for validating the orbit determi-
nation process and verifying the orbit determination models
(e.g., station locations, solar pressure). These analyses com-
bined with the Viking 1 cruise orbit determinations resulted in
the adjustments to the solar pressure coefficients and the
Australian tracking station locations.

The encounter operations began 40 days before Mars
arrival. Extensive radio and optical tracking data processing
was completed during this 40-day time period in support of a
near-Mars midcourse maneuver 10 days before encounter and
the Mars Orbit Insertion (MOI) maneuver. During the en-
counter operations phase, the optical navigation tracking
schedule for Viking 2 differed from the Viking 1 schedule. For
Viking 2, three sets of star-Mars-star triads were scheduled
prior to the encounter-minus-10-day midcourse maneuver
rather than the two sets for Viking 1. This allowed an early
optical-only orbit determination for comparison with the radio
and radio-plus-optical solutions, and was important for
Viking 2 because of the concern over degraded radio tracking
datz as a result of increased solar plasma activity. This
increased plasma activity was due to the smaller Sun-Earth
spacecraft angle for Viking 2 (Viking 2 encounter occurred
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closer to solar conjunction than the Viking | encounter). In
addition to the different optical navigation tracking schedule
for Viking 2, revised long-arc radio tracking data processing
procedures were implemented based on postencounter analysis
of the Vikirz I radio data. These revised procedures resulted
in much improved long-arc radio orbit determination solutions
over the Viking I experience. These solutions exhibited close
agreement with the short-arc radio only and radio-plus-optical
solutions, The Viking 2 Mars approach midcourse maneuver
was executed a: encounter minus 10 days. The A} for this
maneuver was 9.2 mps. Because of the pressure regulator
problem on Viking 1, it was decided to delay repressurizing
the orbiter propulsion system until as late as possible before
MOL. As a result of this decision, the encounter-minus-10-day
maneuver was performed in the “blowdown” mode. The
propulsion system pressurization from the near-Earth ma-
neuver was sufficient to allow the 9.2 mps near-Mars maneuver
to be executed without additional pressurization. Figure 27
jllustrates the near-Earth midcourse aimpoint and the achieved
B-plane conditions. the differcnce being primarily a result of
the solar pressure modeling error. Also shown is the Mars
approach midcourse {AMC) maneuver targeted aimpoint, the
achieved B-plane conditions and the final Mars approach
control accuracy requirement zone.

Following the successful completion of the near-Mars
midcourse maneuver, additional optical navigation observa-
tions consisting first of star-Mars-star triads and then Deimos.
star single frames were acquired. These observations combined
with continuous radiometric tracking data coverage were used
to first confirm the midcourse maneuver execution accuracy
and then to determine the maneuver parameters for the MOI
maneuver. The preliminary MOl maneuver parameters were
determined based on radio and optical tracking data to six
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days before ncounter. As a result of the excellent Viking 2
approach orbit determination performance, the planned ma-
neuver update at 16 hours before encounter was not required,
Post-encounter trajectory reconstruction verified the B-plane
error of less than 40 km for the encounter-minus-6-day orbit
determination.

Because of the pressure regulator leak experience on
Viking 1, the nyro.valve for repressurizing the fuel and
oxidizer tanks for Viking ? was not fired until about 13 hours
before MOL. This was accomphished without incident, and
although a small leak was indicated after the repressurization it
was not a factor in the orbit insertion operations.

The MOI mancuver was accomplished on August 7, 1976,
placing the spacecraft in a Mars orbit inclined 55.2 deg to the
equator, with a periapsis altitude of 1519 km and a period of
27.623 hours. These parameters compare with the targeted
values of 55.0 deg, 1500 km and 27.414 h, The dispersion
from the targeted values were all within the expected
tolerances.

The target orbit period of 27.414 h for the post-MOI orbit
was selected to allow a landing site survey to be conducted
over 360 deg in longitude between the latitudes of 40 and
50 deg north prior to landing site selection. With the super-
synchronous orbit the spacecraft progressively ‘“walked”
around the planet in 40-deg steps. At each periapsis passage,
low-altitude observations of a region of the planet displaced
40 deg from the previous periapsis passage could be obtained.
This provided the opportunity to evaluate two of three
specified potential ianding areas for VL-2. These three
potentiui landing areas were in the longitude regions of Bl
(345 to 15°W), B2 (90 to 140°W) and B2 (200 to 270°W).
While VO-2 surveyed the B2 and B3 sites, the Bl site was
surveyed with VO-1 from its synchronous orbit over the VL-1
landing site. Figure 28 illustrates the inertial ground tracks of
the two Viking orbiters.

Because of the +12-min orbii period error, the orbit was
“walking” around the planet at a rate approximately 2.9 deg
per revolution faster than desired. That is, at each periapsis
passage the spacecraft was progressively 2.9 deg further west
from the nominal plan. In order to eliminate the effect of this
orbit period error and regain the nominal timeline and landing
site survey profile, a trim maneuver strategy employing
maneuvers on revs 2 and 6 was executed. The first of these
maneuvers reduced the orbit period by approximately 19 min;
the second maneuver resulted in an orbit with the nominal
otbit period. Thus, between revs 2 and 6 the orbit was
“walking” st a rate approximately 1.5 deg per revolution less
than desired. When the maneuver on rev 6 was completed, the
effect of the initial orbit period error had been nullified. This
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strategy provided reconnaissance of the B2 region on revs 4
through 8 and the B3 region on revs 9 through 1. In addition
to correcting the orbit period, the periapsis altitude was also
corrected to the desired 1500 km.

The orbit geometry and nature of the trajectory corrections
to be made resulted in an opportunity to execute these
inaneuvers in a unique manner with some definite advantages.
It was found that each of these maneuvers could be executed
while maintaining « Sun-Canopus acquired spacecraft attitude.
This had the advantage of eliminating the usually necessary
spacecraft turns to achieve the burn attitude. By eliminating
these turns, the inherent spacecrafi risk in leaving the ceiciiial
references was avoided as well as the possible need for the
spacecraft going into a battery share mode if the yaw tum
positioned the solar panels too far from the sunline. The major
navigation advantage, however, was the reduction in the
pointing contribution to the maneuver execution errors and
the resulting increased ort "2 conirol accuracy. The maneuvers
on revs2 and 6 were successfully executed in this Sun-
Canopus acquired attitude, a technique that was used a
number of times throughout the remainder of the mission
operaticas.

The orbit period established with the trim mineuver on
rev 6 resulted, as designed, in the spacecraft L..ng in the
middle of the Bl landing region when it passed through the
PER point (the center of the srcessible area; see Fig. ) on
rev 19. If the selected landing site had been in the B region, a
trim maneuver on rev 19 would have been performed to
scquire the final landing orbit with the sync mancuver
wecurring on rev 21. However, reconnaissance dats indicated
that both the Bl and B2 regions were too hazsrdous.

Accordingly, an area was selected in the B3 region specified as
48.0°N £1.5° areographic latitude and 226.0°W $2.0° longj-
tude.

In order to establish the separation orbit to reach this
landing region, trim maneuvers near periapsis on revs 16 and
18 were planned, with landing to occur near periapsis on
rev 25. Since the landing site was currently specified as a
region and not a point, the maneuver strategy was to ““center”
the separation orbit such that (1) VL entry flight path angle
changes could be used for down-track adjustments and (2) VL
cross ranging could be used for out-of-plane adjustments.
Fig. 29 illustrates this alignment of the lander accessible area
and the specified landing region.

In order to center the lander accessible area within the
specified landing region, an increase in latitude of the PER
point was required. This was comhined with the orbit period
changes necessary to establish the proper spacecraft landing
site time-space relationship. MOT 3, executed on rev 16,
decreased the orbit period by 3 h 21 min and increased the
latitude of PER by 1.5 deg. MIOT 4 executed on rev 18
increased the orbit period to be Mars synchronous and furthes
increased PER latitude by 0.3 deg. These two trim maneuvers
were also executed while maintaming Sun/Canopus acquisi-
tion, providing the benefit of reduced maneuver execution
errors.

Satellite orbit determination activities during this time
period consisted of generating both short-arc (single rev) and
long-arc (multi-rev) solutions. The Viking 2 supersync orbit
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period, while providing data tor updating the Mars gravity field,
made prediction less accurate than Viking 1 because of the
varying terrain at each periapsi- passage. This increased the
importance of Jate updates to key site certification observa-
tions and trim maneuvers. After the MOT 4 sync maneu 2r
was executed the prediction capability improved to the same
level as that achieved with Viking 1,

At separation minus 84 hours, the final landing stte location
was selected - 225.9°W and 47.9°N. Lander deorbit and
descent parameters were then de:ermined and transmitted :
the spacecraft at separation munus 39 hours. Landing occurred
near periapsis on rev 25, September 3, 1976. Lander targeting
tc achieve this landing site consisted of an entry angle of - 17.0
deg and a cross range of 0.1 deg. The coast time was 3.1 hours
and the Lander lead angle at the time of entry was 20 deg.

At Lander separation, an anomaly in the Orbiter attitude
control system caused a loss of the Orbiter’s roll reference.

This resulted in the loss of the real-time Lander telemetry
during descent because of the oft-Farth pointing of the orbster
high-gain antenna. Fortunately, in accordance with the nom-
inal plan, the Lander-to-Orbiter relay data were recorded on
the Orbiter tape recorder and played back after landing when
the Orbiter roll attitude was reestablished. During the time
period when real-time telemetry was not available, Lander
events were monitored by observing the changes in the relay
link reception. These changes were monitored on the grou..d
via the Orbiter engneering low-rate channel transmitted over
the Orbiter low-gain antenna

Reconstruction ~f the Lander trajectory following the
Orbiter replay of the Lander relay data confirmed near
nominal performance with a landing accutacy of 10 km. This
was illustrated in Fig. 21 along with the 99% landing disper-
sion ellipse.
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A/S
ACS
AGC
AMC
APF

ATBS
BER
CA
CBE
CD

CL
CLA
CMD
CMSOE
DECSET
DN
DPODP
DPT
DPTRAJ
DR
DRVID
DSG
DSN
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E

E
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EMA
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ERT
ESLE
EXEC
FCG
FOV
FPAG
GCSC
GDS
GMT
GRE
HGA
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IC
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INA
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Appendix

Definitions of Terminology

aeroshell

Attitude Controi System

automatic gain control

approach mid-course

argument of periapsis

accelerometer thermal bias shift

bit error rate

in-plane pointing angle

current best estimate

drag coefficient

lift coefficient

out-of-plane pointing angle
command

command sequence of events
downlink decommutation and decalibration set
data number

Double Precision Orbit Determination Program
Data Processing Team

Double Precision Trajectory Program
downrange

differenced range versus integrated doppler
Data Support Group

Deep Space Network

Deep Space Station

encounter

entry

Experiment Data Record

emergency early maneuver

emission angle

Earth mean equator

Earth received time

equivalent station location error
execution

Flight Control Group

field of view

Flight Path Analysis Group
Guidance Control and Sequencing Computer
Ground Data System

Greenwich Mean Time
ground-reconstruction equipment
high gain antenna

inclination

injection

initial conditions

initial computer load

incidence angle

inclination

Image Processing Facility

IPL
IPODT
IR
IRTM
IRU
ISDR
JPL
kbps
L/D
LAN
LATPER
LATS
LCAST
LFPAT
LGA
LPAG
LRC
LS
LSG
LSO
LSS
LTARP

LTOP
LTR

M

M/C
MAWD
MccC
MCCF
MCD
MCR
MDR
MEQ
MLvVA
MMOP
MOI
MOIOP
MOT
MOTOP
MPG
MPS
MSL
MTCF
MTVS
0))]
opbp
oIT

Image Precessing Lavoratory
Interplanewary Orbit Determination Team
infrared

infrared thermal mapper

inertial reference unit

Intermediate System Data Record

Jet Propulsion Laboratory

kilobits per second

lift-to-drag ratio

longitude of ascending node

latitude of PER

lander trajectory simulation

Lander Command and Sequencing Team
Lander Flight Path Analysis Team

low gain antenna

Lander Performance Analysis Group
Langley Research Center

landing site

Lander Science Group

Lander Support Office

Landing Site Staff

Lander Trajectory and Atmosphere Reconstruc-
tion Program

Lander Targeting Operations Program
lander trajectory reconstruction

Mach number

midcourse

Mars atmospheric water detector
Mission Control and Computing Center
Mission Control and Computing Facility
Mission Control Directorate

midcourse correction required

Master Data Record

Mars mean equator

master list of Viking anomalies
Midcourse Maneuver (Operations Program
Mars orbit insertion

Mars Orbit Insertion Operations Program
Mars orbit trim

Mars Orbit Trim Operations Program
Mission Planning Group

mission profile strategy

mean surface level

Mission Test Computing Facility
Mission and Test Video System

v:bit determination

Orbit Determination Program

Orbiter Imaging Team
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OMATT
OMSET
ONP
OPAG
0SCOT
0SG
0SST
OWLT
P/B
PAO
PCR
PDT
PER

PFR
PMC

PP

PQ
PREDIX
PREPR
PSA
PTC
PVRA

q

Q

0

Qss

RA

RCA
RCM?
RCS
RDR
RLINK
RPA

RSI

RTI
S.SEP
SAMPD
SATODT
SEA
SEAPER
SEDR

Orbiter Muneuver and Trajectory Team
optical measurement set

Optical Navigation Program

Orbiter Performance Analysis Group
Orbiter Spacecraft Operations Tean
Orbuter Science Group

Orbuter Science Sequence Team

one way light time

playback

Public Atfairs Office

Profile Chang2 Request

Pacific daylight time

true anomaly of landing site with respect to VO
separation orbit

Problem Failure Report

Problem Management Center

post processor

planetary quarantine

DSN Prediction System

preprocessor {or lander trajectory reconstruction
partial step algorithm

Proof Test Capsule
path-vary-regress-accum

dyramic pressure

heat load

heating rate

quasi-statistical sum

right ascension

radius of closest approach
reconstituted mission profile

Reaction Control System

Reduced Data Record

Post Landing Relay Link Program
retarding potential analyzer

radio science investigation

real-time 1maging

separation

Science and Mission Planning Directorate
Satellite Orbit Determination Team
Sun elevation angle

Sun elevation angle at PER
Supplementary Experiment Data Record

SLEP

SKT

SMA SMMA
SMB,SMIA
SNR

SOE

SOL
SPFPAD

SPM
SSG
STL
TCA
D
TDCT
TDLR
TIGN
™
TSAC
TSEP
UAMS
UTC
VCSF
VDL
VFT
VIS
VISA
VL
VLBI
VLC
VMCCC
VMCOE
VO
VPSS
XR

Sun-Larth-Probe

station keepmg tum

SeMi-Major axs

SCINFNINOT AX1s

signal-to-noise rauo

sequence of events

Mars duy

Spacecraft Pertormance and Flight Path Anulysis
Directorate

shadow prediction model

Science Steenng Group

science test lander

time of closest approach

touchdown

Tracking Data Conditioning Team
terminal descent and landing radar
time of ignition

telemetry

tracking system analytic calibration
time of separation

upper atmosphere mass spectrometer
Universal Time Coordinated

Viking Control and Simulavion Facility
Viking Data Library

Viking Fiight Team

Visual Imaging Subsystem

Viking Incident, Surprise. or Anomaly Report
Viking Lander

very long baseline interferometry
Viking Lander Capsule

Viking Mission Control and Computing Center
Viking modified classical orbital elements
Viking Orbiter

Viking Project Simulation System
crosstange

angle of attack

angle of sideslip

flight path angle

flight path angle at entry

velocity increment

arsidal rotation

auning angle in B-plane
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Trajectory Description

D. L. Farless, L. H. Dicken, and R. E. Diehl

I. Launch Phase

The two Viking *75 spacecraft were launched by Titan IIIE
booster vehicles with Centaur D-1T high-energy upper stages.
The two launch vehicles were the third and fourth Titan/
Centaur combinations to be launched and were designated as
vehicles TC-3 and TC-4. The launch trajectories utilized a
parking orbit coast phase between two Centaur thrusting
phases. Both launches were conducted from Launch C »mplex
LC-41 at the Air Force Eastern Test Range.

Viking 1 was successfully launched cn August 20, 1975,
after a nine-day delay. The delay was caused, first, by failure
of a thrust-vector-control valve in one of the Titan solid rocket
boosters and later by a discharged battery on the Viking
O.piter (VO) which necessitated replacement of the entire
spacecraft with the second spacecraft. Liftoff came at 21 h
22 min 0.6 s GMT, only 0.6 s after the nominal open-window
launch time for this day. Launch azimuth was 96.57 deg, and
the required Centaur parking orbit coast time was 15 min 20's.
Table 1 shows the nominal and actual Mark Event times for
the Viking 1 launch.

Viking 2 was launched 20 days later on September 9, 1975,
after several days of delay because of trouble with the orbiter’s
S-band radio subsystem. Liftoff came at 18 h 39 min 0 s, once
again right on the open-window launch time at an azimuth of
96.51 deg. Nominal and actual Mark Event times for this
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launch are presented in Table 2. Nominal Centaur parking
orbit coast time for this launch was 18 min 13 s.

Both launches were essentially nominal, well within

expected dispersions. Table 3 presents post-separation geo-
centric orbit elements for both spacecraft. These data are

Table 1. Viking 1 launch trajectory mark event list

Mark Event Nominal time  Actual time
0 Launch 21:22:00 21:22:00.6
1 Heat shicld jettison 21:23:40 21:23:40.2
2 Stage I ignition 21:23:51 21:23:51.0
3 Stage 1/0 separation (jettison SRM) 21:24:02 21:24:01.9
4 Stage | shutdown 21:26:16 21:26:19.7
B Stage | jettison 21:26:17 21:26520.4
6 Stage 11 ignition 21:26:17 21:26:20.3
7 Jettison Centaur standard shroud 21:26:28 21:26:32.3
8 Stage 11 shutdown 21:29:40 21:29:40.9
9 Stage H jettison 21:29:46 21:29:54.6

10 Centaur first main engine start

(MESI) 21:29:56 21:30:05.9
11 Centaur first main engine cutoff

(MECO1)/park orbit insertion 21:32:03 21:32:11.6
12 Centaur second main engine start

(MES2) 21:47:23 21:47:33.0
13 Centaur second main engine cutoff

(MEC02) 21:52:44 21:52:48.0

Launch date: 8/20/75
Launch time: 21:22:00
Arrival date:  6/19/76

Tar



Table 2. Viking 2 launch trajectory mark event list

Mark Event Nominal time  Actual time
0 Launch 18:39:00 18:38:59 96
i Heat shield jettison 18:40:40  18:40:40.0
2 Stage | ignition 18:40:51 18:40:52.0
3 Stage 1/O separation (jettison SRM) 18:41:02 18:41:02.9
4 Stage 1 shutdown 18.43:16 18:43:21 0
5 Stage [ jettison 18:43.17 18.43:21.6
6 Stage Il ignition 18:43 17 18.43:21.8
7 Jettison Centaur standard shroud 18:43:2R 18.43.3313
8 Stage Il shutdown 18:46:40  18:46.50.0
9 Stage 11 jettison 18:46:46 18:46:53.2

10 Centaur first main engine start

(MESI) 18:46:56 18:47:05.1
11 Centaur first main engine cutoff

(MECO1)/park orbit insertion 18:49 09 18:49:13.2
12 Centaur second main engine start

(MES2) 19 07:22 19:07:27.0
13 Centaur second main engine cutoff

(MEC02) 19:12:25 19:12:27.8

Launch date: 9/9/75
isunch time: 18:39:00
Arriva! date: 8/7/76
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Fig. 1. Targeted and achieved injection aimpoints for
Viking launches

Table 3. Orbital data
(Earth mean equator and equinox of 1950.0 coordinate reference)

Post-separation geocentric orbit elements

Injection orbit elements
from launch polynomials

Parameter Viking 1 Viking 2 Viking 1 Viking 2
Epoch, GMT 8/20/75, 21:52:43.4 9/9/75, 19:12:24.0 8/20/78, 21:52:44 9/9/75, 19:12:25
Periapsis radius, km 6,561.0 6,557.1 6,562.7 6,558.8
Semi-major axis, km -18,842.2 -26,502.4 -18,849.7 -26,466.1
Eccentricity 1.3482 1.2474 1.3482 1.2478
Inclination, deg 29.29 29.31 29.34 29.39
Longitude of ascending node, deg 104.48 83.56 104.40 83.52
Argument of periapsis, deg -159.71 -148.66 -159.66 -148.64
Time past periapsis, s 136.9 130.9 138.6 134.6
Trajectory energy, km?2/s2 21.155 15.040 21.146 15.061
Declination of outgoing asymptote, deg -10.48 ~-2.63 -10.47 -2.63

based on the best orbit estimates obtained prior to the near-
Earth midcourse maneuver on each spacecraft. For com-
parison, the injection orbit elements, based on the nominal
launch polynominals, are included in Table 3. Figure 1 is a
display of the injection targets and actual achieved injections
in the B-plane. Also shown are the final targets required for
the nominal Mars Orbit Insertion (MOI). The injection aim-
points were biased away from these MOI aimpoints to insure
that planetary quarantine (PQ) requirements were met in con-
sideration of expected launch vehicle dispersions, to guarantee
a minimum required AV for the first maneuver, and to insure
that the spacecraft attitude for the first maneuver would allow
real-time communications during the burn.

il. Interplanetary Phase
A. Heliocentric Orbit Description

The two Viking spacecraft were inserted into Type II
Class II interplanetary trajectories from Earth to Mars. That is,
they traversed more than 180 deg of true anomaly from
launch to encounter and arrival occurred after apoapsis of the
transfer orbit. Plots of the two trajectories are shown in Figs. 2
and 3, along with positions of the Earth and Mars. The
pre-near-Earth midcourse maneuver heliocentric orbit elements
for the two Viking interplanetary trajectories are presented in
Table 4. The epochs of these conditions are the times of the
tirst midcourse maneuvers. The total central angle traveled
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Fig. 2. Viking 1 heliocentric trajectory

60 DAYS FROM
LAUNCH

SCALE: 10° km
Fig. 3. Viking 2 heliocentric trajectory

Table 4. Heliocentric orbit elements
(Earth mean orbit piane and equinox of 1950.0 coordinate reference)

60 DAYS FROM
LAUNCH

Pre-midcourse Post-midcourse

Parameter Viking 1 Viking 2 Viking 1 Viking 2
Epoch, GMT 8/27/75, 18:30:00 9/19/175, 16:30:00 8/27/75, 19:59:12 9/19/7" 6:59:12
Periapsis radius, km 149.778 x 10* 150.584 x 10¢ 149.779 x 10¢ 150.58 « 10°
Semimajor axis, km 199.644 x 10¢ 200.168 x 10* 199.728 x 10¢ 200.29; x 10*
Eccentricity 0.24978 0.24771 0.25008 0.24818
Inclination, deg 4.48 2.92 448 2.92
Longitude of ascending node, deg 146.72 165.82 146.72 165.83
Argument of periapsis, deg 198.70 185.02 198.68 184.97
Time past periapsis, days -10.0899 5.5947 -10.0076 5.6439
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from launch to encounter for Viking1 was 201 deg in
304 days and for Viking 2 was 203 deg in 332 days.

Launch occurred on the descending node of the transfer
orbit in each case. so the majority of the trajectory was flown
below the echiptic plane but encounter with Mars was above
the ecliptic plane. It is interesting to note that, although
Viking 1 was launched first and encountered Mars first,
Viking 2 actually passed Viking 1 and reached the orbit of
Mars first. Mars having not yet arrived at this point in its orbit,
Viking 2 continued on to apoapsis of its heliocentric orbit
before encountering Mars on the way back toward the Sun.
M-~anwhile, Viking 1 was overtaken near apoapsis of its helio-
centric ellipse by the faster moving Mars.

B. Near-Earth Midcourse Maneuver
Effects

Both Viking launches required that the aimpo.ut at Mars be
biased away from the planet. For this reason, at least one
midcourse (M/C) maneuver, executed shortly after launch, was
mandatory. For both spacecraft, one near-Earth M/C, 7 to 10
days after launch, was sufficient to meet all mis.ion require-
ments. In the case of Viking 2, the M/C maneuver was also
biased away from the desired final target as discussed in
Maneuver Analysis. Figure 4 is a sketch of the B-plane at Mars
showing the achieved post-M/C encounter points along with
the targeted aimpoints for the M/C designs. Table 4 lists the
post-M/C heliocentric orbit elements for Viking 1 and
Viking 2. These are the best estimates of the two-body inter-
planetary orbits for the two Viking spacecraft.

MARS IMPACT RADIUS

~— VIKING 2
MOI AIMPOINT
TCA = 8/7/75
11:52 GMT
5%, 10% km
1 l
1 T
5 10 15
VIKING 2
POSI M/C ACTUAL
TCA = 8/7/76 12:21 GMT -

P

VIKING 2
BIASED M/C AIMPOINT

5T (\— TCA = 11150 GMT
-1
~—— VIKING 1
POST M/C ACTUAL
ICA = 6/19/76 16530 GMT
104 —VIKING 1

MOt AIMPOINT
TCA = 6/19/76 16:25 GMT

Fig. 4. Targeted and achieved midoourse manev /er aimpoints
for Viking

C. Solar Pressure Eftects

The effect of solar radiation pressure acting on the Viking
spacecraft throughout the interplanetary phase of the trajec-
tories is to cause a change in the encounter point relative to
Mars oi about 20,000 kilometers. This elfect was allowed for
in targeting the launches and the near-Earth M/C maneuvers by
calculating the solar pressure effects using the best estimate of
the solar radiation constant and the dimensions of the space-
craft. However, several months into the mission, solution tor
actual solar pressure effects indicated modification to the
spacecraft solar pressure model to allow for colar radiation
impingement in areas of the spacecraft not previously included
in the model. These changes caused the encounter points for
both spacecraft to move by about 1000 km relative to Mars.

D. Interplanetary Trajectory Data

Time history plots of several parameters relative to the
interplanetary trajectories are presented in Figs. S through 10
for Viking | and in Figs. 11 through 16 for Viking 2. In each
case, the first two figures plot geocentric range and range rate,
the next two figures plot geocentric declination and right
ascension (relative to Earth equator and equinox of 1950.0),
and the last two figures plot heliocentric and areocentric
range. All data are plotted against calendar date.

Il. Encounter Phase

Only one encounter phase M/C maneuver was planned for
Viking 1. to take place 10 days before encounter. However, a
leaking pressure regulator valve was encountered when the
pyrotechnic squib valve, which sealed off the high pressure gas
supply during cruise, was opened shortly before the maneuver.
To reduce the pressure accumulating in the propellant tanks,
two M/C maneuvers were executed, one on June 10, 1970, at
11:00 GMT, about 10 days before encounter and another on
June 15 at 14:00 GMT, about 4 days before encounter. Since
these maneuvers had to be large — about 50 meters/second -
to achieve the required reduction in propellant tank pressure,
they were used to reduce the Mars-relative velocity of the
spacecraft. This delayed the arrival time by a total of over 6
hours and also decreased the required MOI maneuver AV,

Table 5 presents areocentric encounter orbit elements for
Viking | before the approach midccurse maneuvers and after
each of the two maneuvers. The changes in the encounter orbit
geometry were dictated by changing MOI requirements as
detailed in the Maneuver Analysis chapter of this document.

Viking 2 required only one encounter phase M/C

maneuver — the leaky valve problem was precluded by waiting
until shortly before MOI to open the squib valve and doing the

n
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Table 5. Areocentric orbit eilements
(Mars mean equator and equinox of date coordinate reference)

Vihme 2

Vikinge ! —
Pre-approach Post-approach Post-apy o h Pre-approach Postapproach
Parameter M/C M/C M/C2 M/C M/C
Rads of closest approach, km 51709 S5108 S561.6 127 50507
Sennumagor anis, km -5774.6 H008.8 6279.7 61849 6167.1
Fecentnietty {.8955 19178 1.8856 28064 1 X190
Inchination, dey 16 44 3IR.44 KLEIN 42 81 SSAR
Longitude of ascendiar node, deg 116.76 13218 12987 5389 36.52
Argument of pertapsis, deg 1571 12 9% 15.3% §7.%2 R1 4R
Time of periapsis passage, GMT 6/19/76 6/19/76 6/19'76 8/07/76 RIN7:76
f6-31 23 2037 50 22 5408 12:21 13 114508
Hypertolic excess veloaty, km/s 3723 2670 2.612 2631

2635

M/C n the blowdown mode. The M/C mancuver was executed
about 10 days before encounter on July 28, 1976, at 01 00
GMT. Tuble 5 lists the acrocentric orbit elements at encounter
before and after the M/C.

iy o st T g B

which the second penapsis would have occurred if the nominal
mission protile had been tollowed. In order to preserve the
day/rev number sequence which had previously heen estab-
lished, the first rev ot Viking | was labeled rev 2 and there was
no rev 1. This is the reason Table 6 begins with rev number 2.

IV. Mars Orbit Phase

On June 19, 1976, at 22:59 GMT, Viking | was mserted
into a highly elliptical orbit about Mars atter a 38-min MOI
motor burn. The orbit elements atier MO! for cach orbit
revolution up to the end of the nominal mission are presented
in Table 6. The definition of rev number 15 as tollows: A rev is

i measured from apoapsis to apoapsis with apoapsis being the

Viking 2 was inserte d mto Mars orbat seven weeks later on
August 7, 1976, at 12 09 GMT afer a 39-mun MOl motor
burn. Table 7 lists the rev-by-rev orbut elements tor this space-
craft through the end of the nonunal mussion.

Periodic discontinuities may be observed in the normal
progression of the orbit elements in these tables. These wll

start of each rev; i.c., apoapsis number 1 precedes periapsts
number 1. Orbit insertion is assumed to occur on rev O so that
the first apoapsis is the start of rev 1, An mmediate exception
to this rule was made with Viking 1. Because of the large
approach M/C maneuvers exccuted with this spacecraft,
Viking | was inserted into a 42.5-h-period o1bit instead of the
planned 24.6-h orbit. The period was reduced 10 24.6 h by a
Mars orbit trim (MOT) maneuver near periapsis st the end of
the first full rev. This periapsis would normally have been
numbered “1”" but it occurred on the GMT day and time at

usually be the result of MOT maneuvers, as between tevs 2 and
3 in Table 6. A list of MOT maneuver execution times is
included here as Table 8 to awd in identifying these points,
This hst is complete regardless of the absence of some MOT
numbers. A number of trim maneuvers were planned and
designed but never executed. Some other, generally small,
discontinuities in the orbit elements are attributable to up-
dates in orbit determination solutions, lack of tracking data, or
poor orbit determination due to noisy data dunng solar
conjunction.
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Table 8. VO-1 Mars orbit slements

Rev. No. Apoapsis/Penapsis Period, h RCA. km INC (MEQ). LAN (MFQ). APF (MEQ).
GMT date and time, 1976 deg deg deg

2 6/20 20:16:56 42.35210 4907.19 3, 588 129.7960 39.759¢6
6/21 17:28:15

3 6/22 05:47:19 24.66124 4907.10 37.8787 129.6765 39.9378
6/22 18:07:55

4 6/23 06.27:40 24.65884 4907.03 37.8849 129.54454 40,1125
6/23 18:47:26

5 6/24 07:07:06 24.65640 4906.96 37.8911 129.4145 44.2872
6/24 19:26:48

6 6/25 07:46:24 24.65393 4906.89 37.8975 129.2837 40.4619
6/25 20:06:01

7 6,26 08:25:32 24.65143 4906.81 37.9039 129.1531 40.6365
6/26 20:45:05

8 6/27 09:04:32 24.64889 4906.73 37.9104 129.0226 40.8111
6/27 21:24:00

9 6/28 09:43:22 24.64633 4906.65 37.9169 128.8922 40.9856
6/28 22:02:45

10 6/29 10:22:03 24.64374 4906.56 379238 128.7620 41.1601
6/29 22:41:22

11 6/30 11:00:38 24.64113 4906.46 37.9301 128.6319 41.3346
6/30 23:19:49

12 7/01 11:38:57 24.63850 4906.37 37.9368 128.5019 41.5091
7/01 23:58:06

13 7/02 12:17:10 24.63586 4906.26 37.9435 128.3720 41.6835
7/03 00:36:14

14 7/03 12:55:13 24.63320 4906.15 37.9502 128.2423 41.8579
7/04 01:14:13

15 1/04 13:33:07 24.63082 4906.04 37.9570 128.1126 42.0322
7/08 01:52:01

16 7/08 14:10:51 24.62784 4905.92 37.9638 127.9830 42.2068
7/06 02:29:40

17 7/06 14:48:28 24.62514 ©905.80 37.9706 127.8534 42.3808
7/07 03:06:30

18 107 15:25:10 24.62280 4908.74 37.97157 127.7264 42.5508
7/08 03:43:51

19 7/08 16:02:28 24.62012 4905.62 37.9876 127.5949 42.7449
7/09 04:20:38

20 7/09 16:43:52 24.771574 4906.92 37.6949 124.7660 44,8918
7/10 05:06:44

21 710 17:30:17 24.77270 4906.70 37.7168 124.6130 45.1146
1M 05:53:28

22 7 18:16:33 24.76986 4906.54 37.7238 124.485) 45.2906
m2 06:39:39

23 712 19:02:38 24.76700 4906.38 37.1306 124.3578 45,4668
/13 07:28:39

24 713 19:48:34 24.76415 4906.22 3727 124.239%0 456123
714 08:11:31

25 7/14 20:31:03 24.65140 4902.50 37.7007 124.1978 43,8188
/18 08:50:3

26 118 21:10:02 24.64859 4902.33 37.7078 124.0713 45.9953
7/16 09:29:29

27 116 21:48:51 24.64579 4902.17 37.7148 123.945) 46.1717
mi 10:08:13

28 m? 22:27:30 14.64300 4901.99 31.72.8 123.8189 46.3481
718 10:46:47

2 7/18 23:08:59 24.64022 4901.81 37.7288 123.6928 46.5244
71 11:25:11

»
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Apoapsis/Penapsis

Table ¢ (contd)

LAN (MFO).

Rev. No. Per.od, h RCA. km INCIMEQ). APE (MEQ).
GMT date and time. 1976 dep deg deg

30 7719 231.44:18 24.63744 4901.63 37,7388 123 5669 46.7008
7/20 12.03.26

3 7/21 00.22:31 2